. Reproducibility is better than 50 ppm for the granitoid compositions and better than 40 ppm for the basaltic/andesitic compositions. For the isotopic analyses acquired early in this project on glass columns, Hf isotopic analyses from several of the reference materials were significantly less reproducible than Nd and Sr isotopic analyses determined from the same sample dissolution. The 176 Hf/ 177 Hf ratios for relatively radiogenic compositions (BCR-1, 2; BHVO-1, 2; RGM-1) were shifted systematically toward lower values by 100-150 ppm when a borosilicate primary column was used. Although systematic, the shift for felsic compositions was generally within analytical error, except for GSP-2, which has a very low Hf isotopic ratio, where the shift was to higher Hf and high Hf concentrations of the borosilicate glass column (16 ppm) and frit material (22 ppm) indicate that only small amounts of such unradiogenic material could cause significant contamination of small samples. For the basaltic (BCR-1, 2; BHVO-1, 2) and rhyolitic (RGM-1) samples, approximately 3 ng of Hf from the column or frit would be enough to produce the observed 100-150 ppm shift. Accurate, high-precision 176 Hf/ 177 Hf data can only be acquired if samples are processed using all PTFE Teflon 1 labware, or quartz and polypropylene.
Hf are recommended for the following reference materials (mean ±2 SD): G-2: 0.282523 ± 6; G-3: 0.282518 ± 1; GSP-2: 0.281949 ± 8; RGM-1: 0.283017 ± 13; STM-1: 0.283019 ± 12; STM-2: 0.283021 ± 5; BCR-1: 0.282875 ± 8; BCR-2: 0.282870 ± 8; BHVO-1: 0.283106 ± 12; BHVO-2: 0.283105 ± 11; AGV-1: 0.282979 ± 6; and AGV-2: 0.282984 ± 9. Reproducibility is better than 50 ppm for the granitoid compositions and better than 40 ppm for the basaltic/andesitic compositions. For the isotopic analyses acquired early in this project on glass columns, Hf isotopic analyses from several of the reference materials were significantly less reproducible than Nd and Sr isotopic analyses determined from the same sample dissolution. The 176 Hf/ 177 Hf ratios for relatively radiogenic compositions (BCR-1, 2; BHVO-1, 2; RGM-1) were shifted systematically toward lower values by 100-150 ppm when a borosilicate primary column was used. Although systematic, the shift for felsic compositions was generally within analytical error, except for GSP-2, which has a very low Hf isotopic ratio, where the shift was to higher 176 Hf/ 177 Hf. Trace element and isotopic characterization of the borosilicate glass column, borosilicate frits, and quartz columns reveals extremely variable levels of trace elements. The 176 Hf/ 177 Hf ratios for these materials are very unradiogenic (borosilicate glass <0.28220; frit = 0.28193 ± 4). The borosilicate frit material appears to be the most variable in elemental concentration and isotopic composition. The quartz material has very low levels (<ppm) of all trace elements. Low 176 Hf/ 177 Hf and high Hf concentrations of the borosilicate glass column (16 ppm) and frit material (22 ppm) indicate that only small amounts of such unradiogenic material could cause significant contamination of small samples. For the basaltic (BCR-1, 2; BHVO-1, 2) and rhyolitic (RGM-1) samples, approximately 3 ng of Hf from the column or frit would be enough to produce the observed 100-150 ppm shift. Accurate, high-precision 176 Hf/ 177 Hf data can only be acquired if samples are processed using all PTFE Teflon 1 labware, or quartz and polypropylene.
Introduction
[2] The development of the multiple collector inductively coupled plasma mass spectrometer (MC-ICP-MS) for high-precision isotopic analyses of numerous elements and the ability of the ICP source to ionize nearly all elements in the periodic table has made these instruments very popular [Halliday et al., 1998; . The shift from TIMS to MC-ICP-MS analysis of Hf isotopic compositions has resulted in a major reduction in the sample size of geologic materials (from microgram to nanogram) and a significant improvement in internal and external precision [Blichert-Toft et al., 1997; Vervoort and BlichertToft, 1999; Chu et al., 2002] . Thus prior to the late 1990s, Hf isotopic analyses would have been much less vulnerable to contamination during processing than nowadays. In contrast, sample sizes for Nd and Pb isotopic analysis by MC-ICP-MS are similar to or larger than sample sizes required for TIMS analysis. The advantages of MC-ICP-MS for these isotopic systems are more rapid sample throughput, and in the case of Pb, significantly improved precision [e.g., White et al., 2000; Albarède et al., 2005; Weis et al., 2006] .
[3] In addition to the potential for detectable contamination in the case of Hf, the plasma source produces more complex interferences than the TIMS source and is also susceptible to matrix effects, as has long been known from ICP-MS [e.g., Beauchemin et al., 1987] . Furthermore, the intrinsic instability of the plasma source means that most MC-ICP-MS analyses are run in static mode. Although these factors were initially neglected, recent studies have shown that mass bias corrections are strongly dependent on the cleanliness of the sample [Albarède and Beard, 2004] . It is now recognized that for accurate, high-precision data it is necessary to analyze matrix-matched reference materials as well as pure standard solutions. This in turn means that it is critical to have a broad compositional range of isotopic reference materials available so that appropriate matrix-matched standards can be selected for analyzing with suites of samples with unknown isotopic compositions.
[4] For this reason the Pacific Centre for Isotopic and Geochemical Research (PCIGR) at the University of British Columbia undertook a systematic analysis of the concentrations and isotopic compositions of Nd, Sr, Hf and Pb in a broad compositional range of United States Geological Survey (USGS) reference materials, including basalt (BCR-1, 2; BHVO-1, 2), andesite (AGV-1, 2), rhyolite (RGM-1), syenite (STM-1, 2), granodiorite (GSP-2), and granite (G-2, 3). These reference materials were already well-characterized geochemically (major elements and most trace elements), but lacked isotopic data except for a few single element isotopic investigations of selected materials (e.g., Pb) [Woodhead and Hergt, 2000; Baker et al., 2004; Weis et al., 2005] .
[5] Pioneering papers clearly indicated the susceptibility of Hf chemistry to high blanks if hydrofluoric acid is not used in the cleaning operations [Patchett and Tatsumoto, 1980] or from leaching of organic material out of PFA material by perchloric acid [Salters, 1994] . Polypropylene and TFE shrinkable Teflon 1 tubes were also recommended to limit the procedural blank for Nd separation chemistry [e.g., Richard et al., 1976] . During the course of this investigation we observed that the reproducibility of Hf isotopic data was somewhat lower than that achieved for Nd and Pb isotopic data (96 ppm versus 30 ppm) when the samples had been processed on glassware. This paper presents the identification and resolution of this problem. Hf isotopic ratios, when PTFE-type Teflon 1 or quartz material is used throughout the entire chemistry, have a reproducibility that is comparable to that of MC-ICP-MS Nd or Pb isotopic data (i.e., 30-50 ppm).
Analytical Techniques
[6] Our study presents accurate high-precision Hf isotopic compositions for USGS reference materials. The reader is referred to critical literature papers for the development of Hf and Lu chemical separation and the various issues that appear depending on the instrument used for the isotopic analysis (TIMS, SIMS and MC-ICP-MS) Pretorius et al. [2006] , and dissolution techniques are discussed by Weis et al. [2006] . All of the acids used for sample digestion and chemical separation were sub-boiling distilled in Teflon 1 bottles, whereas the acids used for cleaning columns were quartz-distilled. All the acids have concentrations of the relevant elements in or below the pg/mL level.
Hafnium Separation Chemistry
[7] The Hf isotope analyses were carried out following a modified analytical procedure from Patchett and Tatsumoto [1980] and Blichert-Toft et al. [1997] . Typically, 100 -150 mg of rock powder was dissolved in high-pressure PTFE bombs for felsic samples and in screw-top Savillex 1 beakers for mafic samples. For the USGS reference materials processed during this study, estimates of Hf recovered after the dissolution stage are close to 100%. The situation is clearly different for some specific mineral phases, such as rutile and ilmenite (C. E. Morisset, personal communication, 2007) . Elution volumes used for the column procedures in this study are not given as resin properties vary from lot to lot and thus require individual calibration. Exact details are available on request. columns were available in-house and were initially used to speed up the process of lab installation; the Teflon 1 columns were custom-made by Savillex, with a reservoir of 100 mL.) The bed of resin of this column is 20 cm in height for a diameter of 1 cm. Dried sample chlorides are reconstituted in 2.0 mL of 1.5 N HCl. Samples are put on the hotplate at 120-130°C for 10 min and ultrasonicated to ensure complete dissolution and are pipetted onto columns taking care not to disturb the resin. The sample solution is carefully washed with 1 mL of 1.5 N HCl. The Hf aliquot is collected in 10 mL of 2.5 N HCl and dried on a hotplate at 100°C. The columns are stripped with 6 N HCl and with 10 mL of 4 N HF prior to re-equilibration with 1.5 N HCl for another separation if only Hf needs to be isolated. If Sr and/or the REE are collected after the Hf fraction, the procedure is identical to the one described by Weis et al. [2006] .
First Column

Second Column
[9] Polypropylene columns (Poly Prep 1 Bio-Rad Laboratories) are loaded with 2 mL of Bio-Rad AG1-X8 100-200 mesh anionic exchange resin. New resin is used for each batch of chemistry. The function of this second column is to remove P [Patchett and Tatsumoto, 1980] , more matrix (i.e., resulting in less ''sticky'' samples on the MC-ICP-MS) and more specifically, transition metals (eliminating more Fe, Cu, Zn, Nb and Ta, Cr). The columns are washed with 3 cycles, each consisting of 10 mL of 6 N HCl and 10 mL of 18 megaohm H 2 O, then with 10 mL of 24 N HF followed by 3 times 10 mL of H 2 O. The columns are equilibrated with 10 mL of 0.1 N HF/0.5 N HCl. The samples (collected from the first Hf columns) are redissolved in 1.0 mL of 0.1 N HF/0.5 N HCl; they are put on the hotplate for 10 min and ultrasonicated, and then carefully pipetted onto the resin bed. The sample is washed 2 times with 1.0 mL of 0.1 N HF/0.5 N HCl followed by 8.0 mL of 0.1 N HF/0.5 N HCl. Following this, 0.75 mL of 2.5 N Q HCl, where Q is quartz-distilled acid, is added to the columns. The Hf fraction, also containing Ti and Zr, is collected in 5.0 mL of 2.5 N Q HCl (into a Teflon 1 beaker).
''HClO 4
Step''
[10] 250 mL of 70% suprapur 1 HClO 4 (Seastar Chemicals Inc.) are added to the sample. The sample is placed on a hotplate (190-200°C) until white smoke evolves. Heating is maintained until only ''a large drop'' (200 mL) remains in the beaker. This procedure is repeated 3 more times to eliminate HF, which would impair the third chemistry step. It is mandatory not to reach dryness because the sample will not redissolve in HCl. If total dryness occurs, the only way to redissolve the residue is by adding concentrated HF to it and starting over the HClO 4 step from the beginning. of 4 N HF followed by 2 times 6 mL of 6 N HCl, then 2 times 6 mL of 2.5 N HCl with a backwash of the resin during the second pass for equilibration. Following this, 0.3 mL of 2.5 N HCl and 30 mL of 30% H 2 O 2 are added to the drop of sample remaining after the HClO 4 evaporation step to check if Ti, and therefore Hf, are still present before processing the sample on columns. The sample color becomes yellow to brown due to the formation of a cationic complex of H 2 O 2 with Ti. The sample is carefully pipetted onto the top of the column. The sample is washed with 0.4 mL of 2.5 N HCl followed by 5.0 mL of 2.5 N HCl. The solution containing Hf (and Zr) is collected in 1.0 mL of a mixture of 2.5 N HCl/0.3 N HF followed by 5.0 mL of 2.5 N HCl/0.3 N HF.
Third Column
Blanks
[12] Reagent and total procedural blanks were measured during the course of this study. Reagent blanks are all in the ppt level for all elements of interest (Rb, Sr, Sm, Nd, Lu, Hf and U). For Pb, reagent blanks give 3 pg/mL, except for HF (12 pg). Column blanks averaged 20-70 pg Nd and 8-58 pg Hf during the course of analysis of the USGS reference materials. Interestingly, an acid wash of Teflon 1 and glass columns does not yield significantly different quantities of Hf or Nd (<50 pg).
Mass Spectrometry Analytical Procedure
[13] Hf isotopic compositions were analyzed by static multicollection using a MC-ICP-MS. The collector array on the Nu Plasma is fixed and a zoom lens is employed to position the masses in the collectors. For Hf analyses, the collectors H4 to L3 are used. The configuration used enables simultaneous collection of Hf (masses 180, 179, 178, 177, 176 and 174) Hf of 0.282163 ± 21 (2 SD; n = 676).
[16] The stable Hf isotopic compositions and the slopes for the ln-ln trends are reported in Table 2 , with a comparison between the JMC-475 standard solutions and the samples. Mafic samples (BCR-1, 2; AGV-1, 2 and BHVO-1, 2) show very similar mass fractionation behavior to the JMC-475 standard solution in ln-ln plots (not shown). However, the felsic samples (G-2, 3; RGM-1; STM-1, 2 and GSP-2) show a slightly different mass fractionation behavior as reflected by a slightly lower slope than standard solutions and mafic samples in these ln-ln plots. We would emphasize that these differences are extremely subtle and within analytical error.
Trace Element Concentrations and Sr, Nd, and Hf Isotopic Compositions of the Labware Material
[17] The labware material, including borosilicate glass, glass frit material and quartz from the columns (0.19 g, 0.035 g and 0.26 -0.52 g, respectively) was dissolved in 1 mL of concentrated HNO 3 and 10 mL of concentrated HF, both purified by sub-boiling distillation. After evaporation, 3 mL of 6 N HCl, also purified by sub-boiling distillation, were added, from which a small aliquant (10%) was taken to measure the trace element concentrations by ICP-MS following the procedure described by Pretorius et al. [2006] . Sr and Nd isotopic compositions were measured according to the PCIGR standard procedure as described by Weis et al. [2006] .
Results and Discussion
[18] Hf isotopic results for the USGS reference materials are reported in Table 1 , trace element concentrations of labware material in Table 3 , and Sr, Nd and Hf isotopic compositions of labware material in Table 4 .
[19] Early in the study, Hf isotopic compositions for USGS reference materials were obtained with a precision better than 96 ppm (2 SD [n = 2 to 9]). The chemical separation of Hf from these samples involved a primary column made of Pyrex 1 (i.e., borosilicate glass), used in the past because of its resistance to chemical attack and to its reduced thermal expansion, and because it can be worked at lower temperatures (1300°C) than quartz (2300°C). These were available in-house. Nd ) and the associated errors were significantly larger by a factor 5 or 6 than the inrun errors (2 SE) ( Table 1 and Figures 1 and 2 ).
[20] We then repeated the chemical separations on new custom-made Teflon 1 columns for the first Hf column. The reproducibility of the Hf isotopic compositions for all USGS reference materials was significantly better with a standard deviation reduced to <46 ppm (2 SD [n = 2 to 10]) (Table 1 and Figures 1 and 2) . The Teflon 1 -processed reference materials have systematically higher Hf isotopic compositions than the glass-processed The first number corresponds to the average of the ratios; the second number corresponds to 2 standard deviations; and the third number corresponds to the relative standard deviation in ppm. Hf above 0.282870. Only GSP-2, the granodiorite reference material, with a distinctly lower 176 Hf/ 177 Hf value of 0.281950, shows a difference in the opposite direction, which is also significantly larger (D = 0.000110). For felsic compositions, i.e., for rocks that have distinctly higher Hf concentrations such as G-2, G-3, STM-1 and STM-2, the difference is within analytical error.
[21] The significantly improved precision of the Hf isotopic compositions of the USGS reference materials processed through Teflon 1 primary columns reflects the inert nature of this material and brings the reproducibility of Hf isotopic measurements to a similar level to that achieved for Sr and Nd isotopic compositions . The homogeneity of these materials in Hf is confirmed, in agreement with the observations made for Sr and Nd isotopic compositions. First-and second-generation powders of reference materials of BHVO, AGV and BCR (relative difference <15 ppm, Figure 1 ), and of G-2 and G-3 and STM-1 and STM-2 (relative difference <17 ppm, Figure 2) show no difference in Hf isotopic compositions.
[22] To document the process of Hf contamination by the glassware and to understand how it can happen, we analyzed the trace element concentrations (Table 3 ) and the isotopic composition (Table 4) of various labware when possible. The borosilicate glass is the most enriched in Hf (16 ppm) and Zr (600 ppm) and is relatively homogeneous (very little variation between the analyses of two different glasses). The column frits, also made of borosilicate glass but from another source, show higher trace element concentrations and much larger variations (Zr: 361-912 ppm; Hf: 9.6-22.6 ppm; Ce: 23.0 -5.1 ppm; Nd: 2.9 -22.8 ppm; Pb: 12.0 - 14.4 ppm, etc.) that are not always correlated (e.g., Ce and Nd, Table 2 ). Finally, the quartz columns show very low trace element concentrations, all below 1 ppm, except for Li, Zn, Mo, W and Zr (maximum is 4.6 ppm). Only HCl (1.5 N and 2.5 N) is used to collect Hf on the first column and this cannot explain the dissolution of the column leading to sample contamination, especially as the column blanks do not appear to be affected by this process. Although difficult to prove, the only explanation we have is a very subtle dissolution of the column by remnant HF present in the sample itself after its digestion. The reactive surface area of the frit is so important that a very small amount of HF is sufficient to dissolve enough of this material that has the highest Hf concentration.
[23] Comparison of the Hf and Nd isotopic compositions for USGS reference materials and the labware materials is reported in Figure 3 . The larger scale inset shows the more radiogenic materials to illustrate the Hf isotopic differences between Teflon 1 -and glass-processed reference materials. There is no significant difference in Nd isotopic compositions. Both the borosilicate column materials and the frit have significantly less radiogenic Hf (and Nd) isotopic compositions than the USGS reference materials (except GSP-2).
[24] Comparison of the trace element concentrations of USGS reference materials [Pretorius et al., 2006; Complete trace elemental characterization of volcanic rock (USGS BHVO-1, BHVO-2, BCR-1, BCR-2, AGV-1, AGV-2, RGM-1, STM-2) reference materials by high resolution inductively coupled plasma-mass spectrometry, manuscript in preparation, 2007 (hereinafter referred to as Pretorius et al., manuscript in preparation, 2007) ] with those of the glassware (Figure 4) shows that the amount of Nd present in the glassware is significantly lower than in the samples (Nd concentration ratio varying between 8 to >100), whereas for Hf the borosilicate glasses and the frits have distinctly higher concentrations than all USGS reference materials, except STM-2 ( Figure 5 ). This easily accounts for the fact that there is no difference in Nd isotopic compositions between the USGS reference materials processed through glass columns or through Teflon 1 columns. Among the REE, only Lu is more enriched in the frit materials than in some reference materials. For other elements, such as Ni, Cu and Cd, the frits show the highest concentrations.
[25] Nd will be much less sensitive to contamination from the glassware than Hf, taking into account the relative Hf and Nd elemental concentrations between sample and glassware and the isotopic compositions and amount (100-150 mg) of USGS reference material processed through the column. It is also clear that for Hf isotopic analyses, GSP-2, G-2 and G-3 will be much less sensitive to this source of contamination than the volcanic reference materials that have much higher 176 Hf/ 177 Hf. For the mafic volcanic reference materials, the difference in isotopic composition between glass and Teflon 1 processed samples corresponds to the release of only 3 ng of Hf from the glassware into the sample solution.
Conclusions
[26] Our study provides the first systematic Hf isotopic characterization of a broad compositional range of USGS reference materials (n = 12). Reproducibility for 176 Hf/ 177 Hf is around 30 ppm for the mafic compositions and consistently better than 50 ppm. Our study confirms that with the increased sensitivity of MC-ICP-MS analyses and with the ability to analyze samples with lower Hf concentrations, contamination by labware material can become a potential issue and the use of PTFETeflon 1 (or quartz) is clearly necessary to avoid this problem. There is no difference in Hf isotopic Figure 4 . Rare earth element concentrations (normalized to C1 chondrite) for labware material and for four USGS reference materials: BCR-1, RGM-1, G-2, and STM-2 [Pretorius et al., 2006; Pretorius et al., manuscript in preparation, 2007] . The comparison shows that the rare earth element concentrations are at least 10 to >250 times higher in the USGS reference materials than in the labware, except for the heavy rare earth elements in G-2. C1 chondrite-normalizing values from McDonough and Sun [1995] . compositions between the first and second generations of USGS reference materials analyzed in this study. The isotopic ratios in Table 1 Hf reference values. Figure 5 . Generalized trace element concentration plot (normalized to primitive mantle [McDonough and Sun, 1995] ) for labware material and comparison with four USGS reference materials [Pretorius et al., 2006; Pretorius et al., manuscript in preparation, 2007] . For some key elements (e.g., Zr, Hf), some of the labware (frit and glass material) has higher concentrations than the USGS reference materials, except for STM-2 (see inset, where the measured concentration is reported in ppm). In addition, Cd, Sb, Pb, and Bi show higher concentrations than some of the reference materials. 
